Performing multi-color nanoscopy for extended times is challenging due to the rapid photobleaching rate of most fluorophores. Here we describe a new fluorophore and a bio-orthogonal labeling strategy that enables both super-resolution (STED) and 3D confocal imaging of two organelles simultaneously for extended times using high-density environmentally sensitive (HIDE) probes. Because HIDE probes are small, cell-permeant molecules, they can visualize organelle pairs (ER + mitochondria, ER + plasma membrane) in hard-to-transfect cell lines at super-resolution for up to 7 minutes. The extended time domain possible using these new tools reveal novel dynamic nanoscale targeting between organelles.
Recently, we reported a set of high-density environmentally sensitive (HIDE) probes that support long time-lapse, single-color nanoscopy of organelles including the ER, mitochondria, Golgi apparatus, and plasma membrane (PM) [5] [6] [7] . HIDE probes consist of an organelle-specific lipid or lipid-like small molecule with a reactive trans-cyclooctene (TCO) moiety and a silicon rhodamine-tetrazine (SiR-Tz) 8 reaction partner. These two components undergo a rapid, in situ tetrazine ligation reaction 9, 10 that localizes the SiR dye at high density within the organelle membrane. In this environment, HIDE probes support the acquisition of continuous SMS and STED super-resolution movies in standard culture media (no redox chemicals) for up to 25
mins, approximately 50-fold longer than when the identical fluorophore is linked to an organelle-resident protein 7 . Here we describe innovations that enable live-cell HIDE imaging of two different organelles in two colors for extended times using STED ( Figure 1a ). The ~50 nm per axis resolution achieved here significantly exceeds the ~100 nm resolution obtained when using structured illumination 11 or lattice light-sheet microscopy 12 .
Two-color, live-cell HIDE nanoscopy demands not only two organelle-specific small molecules and a second photostable fluorophore but also a second conjugation reaction that is orthogonal to the tetrazine ligation and proceeds rapidly to completion within live cells. We were drawn to the strain-promoted azide-alkyne cycloaddition reaction (SPAAC) 13 between an azide and a dibenzoazacyclooctyne (DBCO) as it is live-cell compatible and rapid enough (k = 0.31 M -1 s -1 ) 14 to ensure complete reaction using reagents at micromolar concentrations.
To confirm that a SPAAC-assembled HIDE probe would localize correctly, DiI-N 3 and SiR-DBCO were synthesized (Supplementary Information, Figure S1a ), added sequentially to HeLa cells, incubated 30 minutes to generate DiI*SiR and imaged by confocal microscopy ( Figure S2 ). Under these conditions, DiI*SiR colocalized extensively with a bona fide PM marker, VAMP2-pH (PCC = 0.63 ± 0.06), no colocalization was observed when cells were incubated with SiR-DBCO but not DiI-N 3 (PCC = 0.29 ± 0.03) ( Figure S2c ). As observed previously 5 , the HIDE probe DiI*SiR must be assembled in two steps, as cells treated with the pre-assembled reaction product DiI*SiR ( Figure S1a ) showed no PM labeling in SiR channel ( Figure S3 ).
To test whether a HIDE probe assembled using SPAAC would support prolonged STED nanoscopy, we treated HeLa cells, under optimized conditions ( Figure S4 ), with 10 µM DiI-N 3 and 2 µM SiR-DBCO. We imaged the cells continuously by STED for 20 minutes at 0.5 Hz and monitored plasma membrane (PM) fluorescence over time (Movie S1). Both the initial fluorescence intensity ( Figure S5a ) and lifetime (τ) (Figure 1b and S5b) of the HIDE probe generated from DiI-N 3 and SiR-DBCO were virtually identical to those measured using DiI-TCO and SiR-Tz. The similarity of these values confirms that HIDE probes assembled using SPAAC support prolonged STED imaging; the small difference in structure due to alternative linker chemistry has no apparent effect on SiR photostability. In contrast, STED images generated using the Smo-Halo/SiR-CA combination bleached within 1 minute when visualized by STED (Movie S2 and Figure 1b ).
Next, we sought to identify a STED-appropriate fluorophore that would be compatible with SiR to enable two-color HIDE nanoscopy. The ideal second fluorophore should be: (1) membranepermeant; (2) non-toxic; (3) highly photostable; and (4) spectrally separable from SiR. We first evaluated four previously reported fluorophores: 580CP 15 , Atto590 16, 17 , JF585 18 , and SiR700 19 ( Figure S6 ). HeLa cells were treated with 10 µM DiI-TCO followed by 2 µM of either 580CP-Tz, Atto590-Tz, JF585-Tz, or SiR700-Tz (Supplementary Information) then imaged by STED at 0.5 Hz. None of these previously reported fluorophores were suitable. Visual inspection and time-dependent quantification of PM fluorescence revealed that the HIDE probes generated from DiI-TCO and either CP580-Tz or SiR700-Tz bleached considerably more rapidly than that generated using SiR-Tz ( Figure 1c , Figure S7 ; Movies S2) and HIDE probe generated from DiI-TCO and SiR700-Tz was also dimmer ( Figure S7d ; Movies S3). The HIDE probe generated from DiI-TCO and Atto590-Tz was acutely cytotoxic (Movie S4), while that generated from DiI-TCO and JF585-Tz was extremely dim ( Figure S7b and d) . Notably, all PM-localized HIDE probes generated here could be imaged for an order of magnitude longer then a PM-localized protein Smo-Halo/SiR-CA (Movie S5).
We were intrigued by the poor performance of the HIDE probe generated from DiI-TCO and JF585-Tz, as this fluorophore performs well when used to label a membrane resident protein 18 .
We The ER HIDE probe generated using Yale595-Tz was then used in combination with DiI- As HIDE probes are generated from pairs of cell-permeant small molecules, they can be used to label both primary and hard-to-transfect cells 6 . To highlight this versatility, we imaged pairs Figure 3h ). We also observed interactions between dendritic filopodia and mitochondria over a few minutes ( Figure   3g , movie S11).
Importantly the benefits of two-component HIDE probes are not limited to STED. A common photon-demanding imaging modality is 3D time-lapse (4D) imaging. To test the benefit of dual color HIDE probes, we compared conventional confocal 4D imaging of dual HIDE probes to cells tagged with the protein markers SMO25-Yale595 (mitochondria) and Smo-SiR (PM).
Here too there was a major benefit of imaging with HIDE probes as SiR and Yale595 tagged HIDE probes were up to 8 times more photostable than the comparable protein-tags ( Figure   3i , j).
The new HIDE probes developed here enabled two-color time lapse live-cell STED imaging of more than 250 time points, far exceeding existing examples using state-of-the-art protein tags. The labeling protocols can easily be adapted to various cell lines, including hard-totransfect and primary cells. We envision that imaging experiments that require a large photon budget would generally benefit from these densely labeled and photostable organelle HIDE probes. 
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pLVX-ss-HaloTag-Smo:
The ss-HaloTag-Smo fragment was PCR amplified from pC4S1-ssHalotag-mSmo 7 and cloned by In-Fusion HD into pLVX-puro digested with EcoRI and BamHI to generate pLVX-ss-pH-Smo for lentivirus production.
Confocal microscopy.
Spinning-disk confocal microscopy was performed using a -N 3 and SiR-DBCO. 500 μL of 10 μM DiI-N 3 and 2 μM, 5 μM, or 10 μM SiR-DBCO in PBS containing 1% casein hydrolysate was incubated at 37 °C for 1 hour. The formation of the product was confirmed by MS analysis.
Labeling of plasma membrane with pre-mixed DiI
The resulting mixture was added to HeLa cells and incubated for 3 min at 37 °C. After washing, DMEM ph(-) was added as imaging buffer, and confocal imaging was performed at 37 °C.
Measurement of the photostability of DiI-N 3 and SiR-DBCO.
HeLa cells were labeled as described in 2.1 and imaged under STED microscope at 37 °C. SiR dye was excited at 633 nm (40% power) and their emission was detected using a HyD detector from 650-737 nm. The 775 nm depletion laser was used for STED microscopy (30% power). Images were recorded continuously at 2 seconds per frame. Photobleaching plots were generated by normalizing background-subtracted fluorescence intensities (Plasma Membrane ROI -Background ROI) from three separate ROIs using the ROI manager Multi Measure tool in ImageJ.
Measurement of the photostability of 580CP, JF585, Atto590 and SiR700.
HeLa cells were incubated with 500 μL of 10 μM DiI-TCO in PBS containing 1% casein hydrolysate for 3 min at 37 °C. The cells were then washed and incubated with 500 μL of 2 μM 580CP-Tz, JF585-Tz, Atto590-Tz or SiR700 in PBS containing 1% casein hydrolysate for 30 min at 37 °C. After washing, DMEM ph(-)was added as imaging buffer, and STED imaging was performed at 37 °C. 580CP, and Atto590 were excited at 590 nm (5% power) and their emission was detected using a HyD detector from 600-670 nm. JF585 dye was excited at 590 nm (15% power) and their emission was detected using a HyD detector from 600-670 nm.
SiR700 dye was excited at 650 nm (40% power) and their emission was detected using a HyD detector from 660-730 nm. The 775 nm depletion laser was used for STED microscopy (30% power). Images were recorded continuously at 2 seconds per frame. Photobleaching plots were generated by normalizing background-subtracted fluorescence intensities (Plasma Membrane ROI -Background ROI) from three separate ROIs using the ROI manager Multi
Measure tool in ImageJ.
4. Live-cell imaging with Yale595. 
Measurement of photophysical properties of
Measurement of absorbance in response to different solvent polarities. Yale595-COOH
(or JF585-COOH) was dissolved into a mixture of water and dioxane (0-100% dioxane in water)
to a final concentration of 10 μM. The absorbance data was recorded on a DU730 Life Science UV/Vis spectrophotometer using the wavelength scan mode.
Measurement of the photostability of Yale595
. HeLa cells were incubated with 500 μL of 10 μM DiI-TCO in PBS containing 1% casein hydrolysate for 3 min at 37 °C. The cells were then washed and incubated with 500 μL of 2 μM Yale595-Tz in PBS containing 1% casein hydrolysate for 30 min at 37 °C. After washing, DMEM ph(-)was added as imaging buffer, and STED imaging was performed at 37 °C. Yale595 dye was excited at 595 nm (10% power) and their emission was detected using a HyD detector from 605-675 nm. The 775 nm depletion laser was used for STED microscopy (30% power). Images were recorded continuously at 2 seconds per frame. Photobleaching plots were generated by normalizing backgroundsubtracted fluorescence intensities (Plasma Membrane ROI -Background ROI) from three separate ROIs using the ROI manager Multi Measure tool in ImageJ.
Live-cell STED imaging of ER using Yale595
. HeLa cells were incubated with 500 μL of 2 μM Cer-TCO in PBS containing 1% casein hydrolysate and 0.2% Pluronic F-127 for 60 min at 37 °C. The cells were then washed and incubated with 500 μL of 2 μM Yale595-Tz in PBS containing 1% casein hydrolysate for 30 min at 37 °C and imaged on the SP8 STED microscope. Yale595 dye was excited at 595 nm (10% power) and their emission was detected using a HyD detector from 605-675 nm. The 775 nm depletion laser was used for STED microscopy (30% power).
7. Live-cell two-color 3D confocal imaging of plasma membrane and mitochondria using HIDE probes.
HeLa cells were incubated with 500 μL of 10 μM RhoB-TCO and 10 μM Dil-N 3 in Live Cell
Imaging Solution for 3 min at 37 °C. After washing, the cells were incubated with 500 μL of 2 μM SiR-DBCO and 2 μM Yale595-Tz in Live Cell Imaging Solution for 30 min at 37 °C. After washing, cells were incubated at 37 °C in DMEM ph(-) for 30 min to wash out the remaining dyes. After further washing, 3D confocal imaging was carried out at 37 °C using DMEM ph(-)
as the imaging buffer under Leica SP8 microscope with two excitation lasers at 595 nm (3% power), 650 nm (20% power) and two detection windows at 605-625 nm and 670-750 nm. The images were taken at 20 z-stacks per volume at 6.1s per volume. Raw image data were spectral unmixed in ImageJ.
8. Evaluation of cellular toxicity of two-color HIDE probes using a cell division assay 6 .
We monitored the cell division in three groups of HeLa cells. 1) Non-treated cells; 2) HeLa cells labeled as described in 5.1; and 3) HeLa cells labeled as described in 5.2. Labeling of the cells was confirmed by a confocal microscopy. Wide field imaging was carried out on an Invitrogen™ EVOS™ FL Auto 2 Imaging system equipped with temperature, humidity, and atmosphere controls for live cell imaging. The sample was kept at 37 °C with 5% CO2 and imaged using a 20x objective and a Highsensitivity 1.3 MP CMOS monochrome camera
(1,328 x 1,048 pixels) every 10 minutes for 15 h using bright field. Cell division events were counted manually.
